Mosavi Dehmordi et al.: Satellite-derived primary productivity and its spatial and temporal variability - Abstract. The vertically generalized production model (VGPM), which was designed for open ocean waters (Behrenfeld and Falkowski, 1997), was evaluated using in situ measurements of primary productivity (PP) in the characteristically turbid coastal waters of Khure-Mussa, in northwest Persian Gulf, to develop a regionally modified version of the model. The euphotic depth (Z eu )-integrated PP (IPP) calculated from the VGPM using in situ chlorophyll a (Chla), sea surface temperature (SST) and Zeu was significantly underestimated ,but 59% of the observed variability was explained. The weak correlation could have partially resulted from overestimations by the sub-models embedded in the original VGPM model for estimation of Z eu (Morel and Berthon, 1989 ) and the optimal Chla-normalized PP (P B opt ). Chla was the most important parameter influencing the modeled IPP variation in Khure-Mussa. The modeled and in situ P 
Introduction
Ocean primary productivity controls the exchange of carbon dioxide at the air-sea interface and plays an important role in the global carbon dioxide cycle and climate change. Furthermore, primary production is the base of the food web in marine ecosystems, and it influences the nature of marine food webs and abundance of marine organisms (Son et al., 2014) . Continental shelf areas may account for 21% of global primary productivity (Walsh et al., 2004) . Khure-Mussa consists of a basin that is surrounded by corona of many tidal creeks of varying length and width, and is linked to the Persian Gulf via a 50 km long estuary-like channel (Hopner and Maraschi, 1999) . This estuary, one of the biggest estuaries in the Persian Gulf, is the most important fishery resource for people of Mashahr, Sarbandar and Hendijan cities (Khalfehnilsaz, 2000) . Ship , 2002) . In this study, we attempted to estimate primary productivity in the Khure-Mussa and to derive the spatial and temporal variability of primary productivity using satellite-derived chlorophyll a concentration, PAR, and SST data and primary productivity estimation with Vertically Generalized Production Model (VGPM).
Materials and methods

Field observation
The sampling site was located in western north of Persian Gulf ( Figure 1 ). Data collection started on the 14 th Feb 2014 and ended on the 13 th Nov 2014, with 8 sampling trips carried out. The daily total photosynthetic active radiation (E 0 ) was recorded on deck with a surface hemispherical scalar irradiance sensor (QSR-240, Biospherical Inc.). The mean downwelling attenuation coefficient (K d ) was obtained from a linear regression of the log-transformed underwater irradiance profiles which were measured with a Biospherical log quantum scalar irradiance sensor (4p; QSP-200L). Primary productivity was measured using the 14 C assimilation method (Parsons et al., 1984) . Optimal specific primary productivity (P B opt ) was taken as maximum chlorophyllnormalized primary productivity within the euphotic zone. The euphotic zone-integrated primary production (IP) was computed by means of the trapezoidal rule.
In addition, the 8-month averaged merged chlorophyll a concentration was validated by the in situ chlorophyll a concentration measured in the Khure-Mussa by 8 research during Feb 2014 to Nov 2014. The surface water samples were collected at a depth of 0.5 m below the water-air surface. After sampling, water samples were conserved in bottles at a low temperature and then sent for laboratory analysis in the afternoon. Samples for chlorophyll a were filtered on GF/F fiberglass filters (25 mm diameter). The Chla was extracted using acetone (100%) and was measured using reverse-phase high-performance liquid chromatography (HPLC). The HPLC method employed was that proposed by Wright et al. (1991) 
Satellite data
Satellite-derived chlorophyll a concentration, SST, and PAR(E 0 ) data were applied to the VGPM. All the datasets had the same temporal resolution and 30 × 30-m spatial resolution and were provided by the National Aeronautics and Space Administration Goddard Space Flight Center Ocean Biology Processing Group (NASA GSFC OBPG). Atmospheric correction was conducted using method of dark object subtraction technique (DOS) (Kim et al., 2014) . It is an image-based model that has been proposed to simplify atmospheric correction. The image were processed in Matlab software.
Model of primary production
VGPM model has been validated by thousands of real measuring data in the large scale and different water areas for a long time, therefore it has been used widely with accurate estimation results. Daily primary productivity is shown by the following equation(Behrenfeld and Falkowski, 1997):
where PP eu is integrated primary productivity in the euphotic zone (mgCm
opt is the maximum rate of daily photosynthesis within a water column (mgC/mgChla/h), E 0 is daily PAR at the sea surface (Ein m -2 d -1 ), C sat is the satellite-derived sea surface chlorophyll a concentration (mgm -3 ), DL is the photoperiod (h), and Z eu is the depth of the euphotic zone (m) defined as the depth that E 0 decreases by 1%, estimated by the sea surface chlorophyll a concentration using the following equations (Morel and Berthon, 1989) : (Fig. 3) . There was no significant relationship between measured IPP and SST (Fig. 3) . The highest IPP measured in April that coincided with the highest amount of Chla seemed to be an outlier value from the seasonal variation (Fig. 2) . VGPM accounted for 60% of variation in measured IPP (Fig. 3) . Regression model were used to modification of VGPM model in this region ( Table 1 and 2). Comparing the data of the measured IP with those of the model calculations using Eq. (1), the correlation coefficient (R 2 ) is 0.90 (Fig. 4) . Monthly variability of primary productivity from Feb to Nov in Khure-Mussa are shown in Figure 5 . 
Discussion
After excluding the highest measured IPP, which was presumably an outlier, DL and Chla were more important factors in determining variation in measured IPP than others ( Table 1 ). Many studies have also shown that the greater variance of measured IPP can usually be captured by including Chla and DL, along with variables amenable to remote sensing (e.g. Peierls et al., 2012; Banse and Postel, 2003) . In this study, P Fig. 5 indicate that Khure-Mussa is characterized by a longitudinal gradient in primary productivity, that productivity increases seaward. Hence our perception of estuaries as highly productive ecosystems should be qualified with the observation that phytoplankton productivity can be higher in nearby coastal waters where the photic zone is deeper and nutrient concentrations are still sufficient to sustain algal growth. Because light availability controls productivity it must also play a major role in determining the population growth rate of estuarine phytoplankton, and we expect that biomass should vary across spatial gradients in the ratio of photic depth to mixed depth.
NPP is highest in spring (April) in Khure-Mussa. The increasing trend in Net Primary Production may be related to the increases in nutrient, reduced grazing losses to benthic suspension feeders (Dehghan Madiseh et al., 2012), phytoplankton biomass and light availability. Seasonal variations in SPM concentration can also influence light penetration and phytoplankton dynamics. In Khure-Mussa, bottom resuspension intensifies during mid-summer when wind speed and mean tidal current speed are both rapid. As a consequence, SPM concentration increases, Zeu decreases, growth rates are near zero, and phytoplankton biomass is low in during mid-summer. Physical processes operating within estuaries (horizontal and vertical mixing, advection, sediment suspension, light absorption) and across their interfaces with watersheds (freshwater, nutrient, sediment input), the coastal ocean (tidal oscillations, exchanges of salt, heat, nutrients, plankton and predators), and atmosphere (heat exchange, wind stress, photon flux to the water surface) all play essential roles in driving the variability of phytoplankton production in ecosystems at the land-sea interface (Cloern et al., 2014) .
Conclusions
Match-up analyses show that Landsat8 NPP compares favorably with in situ NPP, despite limitations of sample size due to a short temporal overlap. Interannual
